ation to peroxynitrite was attenuated by the IP3 antagonists 2-APB and xestospongin C and also the K v channel blocker 4-aminopyridine (4-AP). Atherosclerosis attenuated vasodilation to cromakalim and the AMPK activator A769662 but not peroxynitrite. Relaxation was attenuated to a greater extent by 2-APB in atherosclerotic aortae despite the reduced expression of IP3 receptors. 4-AP was less effective in ApoE -/-mice fat-fed for 4 months. Peroxynitrite relaxation involves an IP3-induced calcium release and K V channel activation. This mechanism becomes less important as atherosclerosis develops, and relaxation to peroxynitrite may be maintained by increased calcium extrusion.
Introduction
The cytosolic concentration of calcium is the primary determinant of the contractile state of the vascular smooth muscle cell (VSMC). Cytosolic calcium levels can be increased via entry across the plasma membrane through voltage-operated calcium channels [1] or non-selective cation channels or via store-operated calcium entry (SOCE) [2] . An increase in calcium can also occur via release from the intracellular sarcoplasmic reticulum (SR) through intracellular calcium channels, namely IP3 receptors (IP3R) and ryanodine receptors.
Direct activation of IP3R present on the SR by the second messenger inositol 1,4,5-triphosphate results in calcium release and increased global cytosolic Ca 2+ . Indirect activation of ryanodine receptors resulting from a global increase in cytosolic Ca 2+ results in a further Ca 2+ release (albeit a small release in comparison to IP 3 R contribution) and the combined effect leads to smooth muscle cell (SMC) contraction. Interestingly, in the last 10 years, it has become apparent that IP3R can communicate locally with plasma membrane channels such as transient receptor potential canonical 3 and large-conductance Ca 2+ -activated potassium channels (BK Ca ) [reviewed in 3 ].
Activation of IP3R renders the BK Ca channel more sensitive to calcium in vascular smooth muscle [4] , leading to membrane hyperpolarization which may serve to limit contractility in response to IP3R activation. BK Ca channels are abundantly expressed in blood vessels and it has been suggested that this may be the switch that decides whether vasoactive factors induce vasoconstriction (via Ca 2+ signalling) or vasorelaxation (via membrane hyperpolarization). Indeed, a recent study found that IP3 activated BK Ca in porcine coronary SMC with a resultant decrease in vessel tone [5] . Taken together, these studies highlight the pivotal role that IP3R play in modulating Ca 2+ handling and vascular contractility in the healthy animal.
Peroxynitrite (ONOO -) is a reaction product of nitric oxide and superoxide and as such it has been detected in increased quantities in the arterial wall of atherosclerotic mice [6] and also in the plasma of human subjects with acute coronary syndrome [7] . In healthy vessels, ONOO − induces endothelium-independent relaxation [8] through elevation of cGMP levels, membrane hyperpolarization, and direct activation of myosin phosphatase activity in smooth muscle. Vasodilation also involves calcium regulatory proteins, with increases in SERCA activity seen in artery homogenates in response to ONOO - [9] . However, to date there is no information on how IP3R-induced calcium release and membrane hyperpolarization via potassium channel activation are involved in ONOO --induced relaxation.
In a previous study we demonstrated that arterial relaxation to ONOO -was maintained in atherosclerotic ApoE -/-mice fed a high-fat diet for up to 4 months, despite downregulation of SERCA expression and function in VSMC. We concluded that upregulation at the protein level of the calcium-extruding PMCA compensates for the effect of atherosclerosis on SERCA and maintains vascular relaxation under atherogenic conditions. However, the role of IP3R in maintaining relaxation to ONOO -in this pathology is not well understood. In hypercholesterolaemic mice without evidence of atherosclerotic plaques, the intracellular calcium [Ca 2+ ] i in aortic VSMC was increased due to augmented IP3R-mediated SOCE rather than an enhanced SR calcium release [10] , and this may be related to changes in plasma membrane cholesterol in response to raised plasma lipid levels [11] . Although very few other studies have examined IP3R function in atherosclerosis, there is evidence in hypertensive mice and rats that IP3R transcript and protein levels are raised in mesenteric resistance vessels [12] . In hypertensive animals, pharmacological experiments have also revealed that IP3-mediated calcium release contributes more to contraction compared to control animals. Increased pulsatile pressure applied to rat VSMC in vitro also increased cell migration and this occurred via IP3R since it was blocked by the IP3R blockers 2-APB and xestospongin C [13] . These studies support the likelihood that IP3R function in vascular smooth muscle may be altered under pathophysiological conditions and may result in altered SOCE as well as SR Ca 2+ handling. Changes in SOCE in pathological conditions may also affect other Ca 2+ channels. For example, recently discovered channels such as the Orai family, which regulates calcium entry in response to store depletion, may be particularly important in disease states [14] .
In this study, we investigated the mechanism of ONOO -relaxation in mouse aortic rings and also studied the effect of developing atherosclerosis on IP3R expression and vascular function in response to ONOO -and other endothelium-independent vasodilators.
Materials and Methods

Animal Model and Artery Preparation
The mice used in this study were housed at the University of Glasgow and maintained on 12-h cycles of light and dark and at ambient temperature. Initial experiments to study the mechanism of relaxation induced by ONOO -used male C57BL/6 mice (18-23 g, supplied by Harlan). To study the effect of developing atherosclerosis, male ApoE -/-mice (17-38 g, bred in-house) and genetic background control mice (C57BL/6; 18-34 g) were used. C57BL/6 mice were fed a standard chow diet while ApoE -/-mice 
Small Vessel Wire Myography
The thoracic aorta was cleaned of all fat and connective tissue and cut into 2-mm rings. In some experiments the endothelium was left intact but in the majority of cases it was removed by gently rubbing the lumen of the vessel with a piece of fine wire. Artery rings were mounted on 2 stainless steel pins in a 4-channel wire myograph (Danish Myo Technology), set to an optimum tension of 9.8 mN [15] , and allowed to equilibrate for at least 30 were obtained and then rings were contracted to 30 n M 9,11-dideoxy-9α,11α-methanoepoxy prostaglandin F 2α (U46619; Tocris) and successful removal of the endothelium was confirmed by the lack of (<10%) a vasodilator response to 10 -6 M acetylcholine. Rings were then washed, antagonists were added, and contraction was induced a second time by addition of 30 n M U46619, and once the level of contractile force had stabilized (typically 15-20 min) the experiments were commenced. This allowed the contractile responses and the effect of 2-APB in C57BL/6 and ApoE -/-mice to be compared. In pre-contracted rings, dose response curves were constructed to 3 different vasodilators: (1) ONOO -(Calbiochem) used in the range 1 × 10 -6 -5 × 10 -4 M , and ONOO -was diluted in argonpurged dH 2 O and kept in the dark at 4 ° C; (2) cromakalim (SigmaAldrich), an activator of K ATP channels on VSMC, was used in the concentration range 1 × 10 -9 -5 × 10 -6 M , and cromakalim was dissolved in DMSO and diluted in Krebs'; and (3) the AMPK activator A769662 [6,7- 
A769662 was dissolved in DMSO, diluted in Krebs', and used in the range 1 × 10 -6 -5 × 10 -4 M [16] . All 3 vasodilators were added at 10-min intervals. To study the involvement of the IP3R, rings were pre-incubated with the IP3R antagonists 2-aminoethoxydiphenyl borate (2-APB; 60 μ M ; Tocris) or xestospongin C (0.5 or 5 μ M ; Cayman Chemical Company) for 30 min before the addition of vasodilators. Xestospongin C is a much more potent and selective IP3R antagonist that is effective at low micromolar concentrations [17] .
To study the involvement of potassium channels which may be activated by a IP3R-induced calcium release, aortic rings were incubated with: the general Ca 2+ -activated potassium channel blocker tetraethylammonium chloride (TEA, 1 m M ; Sigma-Aldrich), the K v channel blocker 4-aminopyridine (4-AP, 1 m M ; Sigma-Aldrich), the ATP-sensitive potassium channel blocker glibenclamide (0.3 μ M ; Sigma-Aldrich), or the BK Ca -selective channel blocker iberiotoxin (100 n M ; Latoxan, Portes les Valance, France). All were incubated for 30 min before contraction to U46619. For all experiments, data were expressed as a percentage relaxation of the U46619-induced tone.
Histological Analysis
Cleaned thoracic aortae were fixed in neutral-buffered formalin and embedded in paraffin and 4-μm sections were cut on a rotary microtome. IP3R (IP3R1) was detected in sections using a rabbit polyclonal IP3R (type 1) antibody (1: 1,000 dilution, Ab5804; Abcam) and visualized using biotin-labelled secondary antibodystreptavidin-HRP complexes and a DAB (3,3 ′ diaminobenzidine) chromogenic substrate (Vector Laboratories). Images were analysed blindly by 2 independent observers and the degree of staining was quantified using ImageJ software.
Protein Expression/Immunoblotting
Denuded aortae were pulverized in liquid nitrogen, re-suspended in ice-cold cell lysis buffer (50 m M Tris [pH 7.4], 50 m M NaF, 1 m M Na 4 PPi, 1 m M EGTA, 1 m M EDTA, 1% Triton X-100, 1 m M DTT, and 1% cocktail of protease inhibitors) and protein concentrations determined using Coomassie Plus Protein Assay Reagent (Perbio, USA). Homogenates were run at several protein concentrations (2.5, 5 and 7.5 μg/lane) on NuPAGE Novex 4-12% Bis-Tris mini gels (Life Technologies) and transferred to a nitrocellulose membrane, and IP3R was detected using rabbit polyclonal anti-IP3R1 (No. 3763 used at 1: 1,000; Cell Signaling Technology). Large conductance calcium-activated potassium channels (BK Ca ) in lysates were detected using an anti BK Ca mouse monoclonal antibody (1: 500 dilution, ab99046; ABcam). Secondary HRP-conjugated antibodies were either goat anti-rabbit HRP conjugated for IP3 detection (ab6721; Abcam) or rabbit antimouse HRP conjugated for BK Ca detection (ab6728; Abcam). IP3R and BK Ca protein abundance was quantified using Quantity One software (BioRad). Expression was normalized to GAPDH (1: 40,000. No. G8795; Sigma-Aldrich) or α-actin (1: 1,000, No. 14958; Cell Signaling Technology).
Statistical Analysis
All results are presented as means ± SEM, and n represents the number of mice used for each experiment. Myography data were analysed via GraphPad Prism software and significance was determined using 2-way ANOVA which compares the full dose-response curves. The area under the curve was used to analyse differences in the inhibitory effect of 2-APB in control and ApoE -/-mice [18] . Student's t tests (unpaired) were performed on IP3R or BK Ca expression data. In all cases, p < 0.05 was considered statistically significant.
Results
Relaxation to ONOO
-in C57BL/6 Aortic Rings Peroxynitrite induced a dose-dependent vasodilation of a similar magnitude in endothelium-intact and denuded thoracic aortae from C57BL/6 mice (the maximum relaxation at 500 μ M ONOO -was 81. 71 intact aortae vs. 80.5 ± 4.1% in denuded aortae; n = 8-10; p = ns). Pre-incubation with 60 μ M 2-APB caused a significant reduction in the relaxation to ONOO -in denuded aortic rings ( Fig. 1 a) and this effect was also seen in endothelium-intact rings (the maximum relaxation in intact rings was 91.9 ± 10.1% vs. 65.1 ± 10.1 in the presence of 2-APB, n = 3 for both groups; p < 0.05 vs. control).
Since the focus of this study was on the effects of high-fat feeding on vascular smooth muscle function, all subsequent experiments were performed in denuded aortic rings. Xestospongin C had no effect on relaxation to ONOO -when added at 0.5 μ M but it significantly reduced relaxation at a concentration of 5 μ M ( Fig. 1 b) . To investigate whether relaxation to ONOO -involved potassium channels, several inhibitors were studied. Neither glibenclamide nor iberiotoxin had any effect, but 4-AP significantly attenuated the relaxation to ONOO - ( Fig. 1 c) .
Effect of High-Fat Feeding on Vessel Function
In a previous study we demonstrated increased nitrotyrosine expression in the thoracic aorta of ApoE -/-mice, particularly in medial and adventitial areas around atherosclerotic plaques, and this effect was more marked with time spent on a high-fat diet [6] . We hypothesized that nitration may affect smooth muscle function by modifying calcium-handling proteins within the cells and here we studied the effect of development of atherosclerotic lesions on IP3R expression and function. We found previously that the relaxation to ONOO -in denuded aortic rings was largely maintained over 5 months of fatfeeding in ApoE -/-mice compared to age-matched C57 controls [6] and also in ApoE -/-mice fed a chow diet for 4 months ( n = 6; data not shown). As with C57 mice, preincubation of ApoE -/-aortic rings with 2-APB caused a significant reduction of ONOO --induced relaxation. In order to compare the inhibitory effect of 2-APB in C57 and ApoE -/-mice, the area under the dose-response curve in the presence and absence of 2-APB was measured using GraphPad Prism software and the difference between the two curves was calculated. This demonstrated that the degree of inhibition by 2-APB was significantly greater in mice fed a high-fat diet for 2 and 4 months compared to C57 mice. The area under the curve was 128.9 vs. 43.0 after 2 months of diet (Δ85.9; 66.6% reduction caused by 2-APB) and 90.4 vs. 32.0 after 4 months of diet (Δ58.4; 64.6% reduction caused by 2-APB) compared to 84.9 vs. 46.7 (Δ38.2; 45.0% reduction caused by 2-APB) in C57 mice (data are summarized in Fig. 2 c and comparative EC 50 and E max values are given in online suppl. Table 1 ; see www.karger.com/doi/10.1159/000461581 for all online suppl. material). 2-APB incubation also reduced the contractile response of the aortic ring to U46619 in both C57 and ApoE -/-mice with a non-significant trend towards a larger reduction in ApoE -/-mice ( Fig. 2 d) .
In contrast to ONOO - [6] , the sensitivity of the aorta to relaxation by cromakalim was significantly attenuated in ApoE -/-mice after 4 months of fat-feeding, with a nonsignificant trend towards reduced sensitivity at 2 months ( Fig. 3 a) . A similar attenuation caused by fat-feeding on aortic relaxation to other vasodilators such as the AMPK activating agent A769662 has also been observed by us previously [19] . Relaxation to A769662 was partly dependent on IP3R activation since it was significantly attenuated by the very selective IP3R antagonist xestospongin C (5 μ M ) in C57 mice ( Fig. 3 b) and also in ApoE -/-mice on the diet for 4 months ( Fig. 3 c) .
In VSMC, IP3, through activation of IP3R1 can activate large-conductance calcium-activated potassium channels in the plasma membrane independently of the SR calcium release, leading to hyperpolarization and vasodilatation [4] . This may serve to limit vasoconstriction in response to IP3R activation and may underlie the at- 73 tenuated vasodilation by IP3R antagonists in the current study. To test this, artery rings were treated with the non-selective calcium-activated potassium channel blocker TEA (1 m M for 30 min) and dose-response curves to ONOO -repeated. TEA had no significant effect on the dose-response curve in C57 mice ( Fig. 4 a) but it did significantly reduce relaxation to ONOO -in ApoE -/-mice after 2 and 4 months on a high-fat diet ( Fig. 4 b, c) . TEA caused a rightwards shift of the doseresponse curve in ApoE -/-mice with significant increases in EC 50 and no change in E max (see online suppl. Table 1). In agreement with the results in C57 mice, iberiotoxin had no effect on relaxation in 4 month fat-fed ApoE -/-mice ( Fig. 4 d) , while 4-AP significantly attenuated relaxation but to a lesser degree than that seen in C57BL/6 mice ( Fig. 4 d) .
Together these data suggest that in mouse aorta, peroxynitrite induces relaxation in denuded vessels partly through activation of IP3R and membrane hyperpolarization via K v channels.
Histological Analysis of IP3 Expression
To study this further, we performed immunostaining for IP3R expression in paraffin-embedded samples of aorta. Only background staining was present in blank slides without antibody ( Fig. 5 a, b ; the staining intensity was 0.013 AU in C57 sections and 0.012 in ApoE -/-mice; n = 3). In ApoE -/-mice on the diet for 4 months, the expression of IP3R1 was clearly reduced in medial SMC compared to C57 mice ( Fig. 5 c, d ; the staining intensity averaged 0.109 AU in C57 mice vs. 0.043 AU in ApoE -/-mice). -control group. b In C57BL/6 mice, vasodilation in response to the AMPK activating agent A769662 was attenuated by the IP3 receptor antagonist xestospongin C (5 μ M ). * * * p < 0.001 vs. the C57BL/6 control group. c In ApoE -/-mice on the diet for 4 months, relaxation to A769662 was also significantly reduced by 5 μ M xestospongin C. * p < 0.05 vs. the ApoE -/-control group. n > 3 for all groups. 2m, 2 months of high-fat feeding; 4 m, 4 months of high-fat feeding.
Protein Expression/Immunoblotting
To further demonstrate the reduction of IP3R expression in vascular tissue caused by fat-feeding, whole aortic homogenates were probed using antibodies to IP3R1. ApoE -/-on the diet for 2 months showed no significant change in IP3R1 expression, but after 4 months on the diet there was a dramatic reduction in IP3R1 protein expression ( Fig. 6 a, b) . Since activation of IP3R can open membrane BK Ca channels to induce hyperpolarization, we measured expression of BK Ca in aortic homogenates from 3 pooled samples from C57 and ApoE -/-mice on the diet for 2, 3, or 4 months. Compared to C57, BK Ca expression was markedly elevated in ApoE -/-mice after both 2 and 3 months of fat-feeding but had declined by 4 months ( Fig. 6 c, d ).
Discussion
In this study we demonstrated that relaxation to peroxynitrite in endothelium-denuded mouse aortic rings is partly mediated through activation of IP3R and opening of K v potassium channels. As atherosclerosis develops, the relaxation to ONOO -is maintained and becomes more dependent on IP3 activation despite a reduced expression of IP3R protein and a reduced importance of the K v channel. Upregulation of BK Ca potassium channels may compensate for lower IP3R levels in the aorta during the early stages (2-3 months) of atherosclerosis but do not appear to be involved in vasorelaxation in C57 mice or in atherosclerotic mice after 4 months of a high-fat diet. We speculate that relaxation is maintained through increased extrusion of calcium via PMCA [6] and this In ApoE -/-mice fed diet for 2 months, TEA caused a significant rightwards shift of the dose-response curve. c A significant rightward shift in response to 1 mM TEA was also observed in ApoE -/-mice on a high fat diet for 4 months. d Iberiotoxin had no effect on relaxation in 4 month fatfed ApoE -/-mice while 4-AP significantly attenuated relaxation but to a lesser degree than that seen in C57BL/6 mice. * p < 0.05 and *** p < 0.001 vs ApoE -/-control group, n > 3 for all groups.
IP3R and Atherosclerosis maintenance of relaxation is not shared with other endothelium-independent vasodilators such as cromakalim and the AMPK activator A769662.
In all experiments, we pre-contracted aortic rings with the thromboxane A 2 mimetic U46619. Thromboxane (and mimetics) contracts vascular smooth muscle by binding to specific G-protein-coupled receptors (TP receptors) and increasing cytosolic calcium via release from the SR. In the denuded rat pulmonary artery, contraction to U46619 was sensitive to 2-APB between 10 and 30 μ M [20] , similar to the findings in the present study ( Fig. 2 c) . Interestingly, in ApoE -/-mice fat-fed for 3 months, contraction to U46619 was less sensitive to 2-APB, and this is likely due to a reduced expression of IP3R in the ApoE -/-aorta ( Fig. 6 ). Contraction to U46619 was unchanged in the absence of 2-APB, suggesting that calcium release via non-IP3R-mediated mechanisms or calcium entry may sustain the contraction in the ApoE -/-mouse.
In a previous study [6] also using ApoE -/-mouse aortic tissue, we demonstrated compensation in calcium regulation within aortic VSMC. In ApoE -/-mice, a reduction of SERCA expression was balanced by upregulation of the calcium-extruding pump PMCA, and this may explain why vasodilation to ONOO -is maintained even in animals with extensive atherosclerotic lesions. Here we demonstrate that vasorelaxation to other vasodilators is not maintained. This is likely related to the mechanisms of vasodilation in response to A769772 and cromakalim. A769772 activates the enzyme AMPK in the endothelium and the VSMC and in a previous study we found that only 6 weeks of fat-feeding were sufficient to lower both total and phosphorylated AMPK expressions in the aorta compared to control mice [19] . Thus, the reduction of target enzyme levels could explain the reduced relaxation to A769772 in atherosclerotic mice. The progressively decreased sensitivity to cromakalim in ApoE -/-mice on a high-fat diet for 2 and 4 months was a surprising finding. Cromakalim hyperpolarizes the SMC membrane by opening K ATP channels and thereby decreasing the L-type Ca 2+ channel opening time [21] . Previous studies have reported increases in sensitivity to cromakalim in hypertensive rats [22] , while in hypercholesterolaemic rabbits dilation of the mesenteric artery in response to in vivo administration of cromakalim was preserved [23] . However, more recent studies have found that superoxide production by NADPH oxidase in the vascular wall can impair ATP-sensitive K + channel function and relaxation to levcromakalim can be augmented by free radical scavengers [24] . In the ApoE -/-mouse, oxidant stress in the vessel wall is progressively increased [6] and this could underlie the reduced sensitivity of the vessel to cromakalim. Since relaxation to ONOO -was unaffected by the K ATP antagonist glibenclamide, any impairment in the function of the K ATP channel as atherosclerosis develops would not be expected to affect relaxation to ONOO -.
Relaxation to ONOO -in the murine aorta was maintained during 5 months of fat-feeding [6] and it was attenuated by the IP3R antagonists 2-APB and xestospongin ( Fig. 1 , 2 ) . In rat aortic rings, the mechanism of ONOO --induced relaxation involves opening of K + channels and membrane hyperpolarization [8] . We hypothesized that increases in intracellular calcium (perhaps via activation of IP3R) activate calcium-activated potassium channels on the cell membrane, leading to hyperpolarization and relaxation. In C57 aortic rings, only the K v channel blocker 4-AP attenuated relaxation to peroxynitrite while the selective BK Ca blocker iberiotoxin had no effect and TEA caused only a non-significant rightward shift of the dose-response curve.
In contrast, TEA significantly attenuated relaxation to ONOO -in ApoE -/-mice at 2 and 4 months, suggesting that opening of calcium-activated potassium channels becomes more important as atherosclerosis develops. However, TEA can also block a number of K V channels and it is possible that changes in the expression of these channels were responsible for the effects seen. In support of this, iberiotoxin failed to attenuate relaxation in ApoE -/-mice at 4 months and the attenuation caused by the K V channel blocker 4-AP was reduced ( Fig. 4 d) . Taken together, this indicates that although the expression of potassium channels changes during atherosclerosis, this is not responsible for maintaining the relaxation to ONOO -.
The lack of effect of the BK Ca channel blocker iberiotoxin was somewhat surprising. Other studies have found that ONOO -generates spontaneous transient outward current (STOC) via activation of BK Ca channels in rat arteriolar SMC [25] . Pan et al. [25] found that an ONOOdonor, i.e., SIN-1, induced a dose-dependent enhancement of STOC but 2-APB did not block the increase in STOC. They concluded that ryanodine receptor-mediated calcium release and influx from external sources activates STOC in response to ONOO -and that IP3R are not involved. Conversely, in porcine coronary artery SMC, activation of IP3R with IP3 itself activated BK Ca channels to enhance STOC and reduce the coronary artery tone [5] .
It is possible that the regulation of potassium channels and STOC by intracellular calcium is very species specific or varies between vascular beds. Our data demon-
